ABSTRACT: For an adequate choice or design of ionic liquids, the knowledge of their interaction with other solutes and solvents is an essential feature for predicting the reactivity and selectivity of systems involving these compounds. In this work, the activity coefficient of water in several imidazolium-based ionic liquids with the common cation 1-butyl-3-methylimidazolium was measured at 298.2 K. To contribute to a deeper insight into the interaction between ionic liquids and water, COSMO-RS was used to predict the activity coefficient of water in the studied ionic liquids along with the excess enthalpies. The results showed good agreement between experimental and predicted activity coefficient of water in ionic liquids and that the interaction of water and ionic liquids was strongly influenced by the hydrogen bonding of the anion with water. Accordingly, the intensity of interaction of the anions with water can be ranked as the following:
INTRODUCTION
Because of the hygroscopic nature of ionic liquids, their interaction with water has been most studied. Even hydrophobic ionic liquids present a high capacity to solubilize water, 1,2 and can also absorb significant amounts of water from the atmosphere. 3−6 The most widely used methods for probing the interaction of ionic liquid−water use either experimental techniques, such as infrared (IR) and nuclear magnetic resonance (NMR) spectroscopies techniques, 7−12 or theoretical calculations.
11,13−15 Cammarata et al. 7 studied the molecular state of absorbed water (0.2−1.0 mol dm −3 ) from air in several imidazolium-based ionic liquids with various anions using attentuated total reflectance (ATR) and transmissions IR spectroscopy. They showed that the preferred sites of interaction with water molecules were the anions. 7 Their finding is further confirmed by 1 H NMR, molecular dynamic (MD) simulations, and density functional theory. 2,7,12,16−20 Thus, the anion plays a crucial role in the ionic liquid interaction with water. While some authors attribute that role to Hbonding, others discuss the role of electrostatic interactions occurring between molecules in the mixtures. 12, 19, 20 One of the main problems is the lack of energetic characteristics of ionic liquid−water interaction where one can separate H-bond and electrostatic energy in those molecules in the mixture.
Conductor-like screening model for real solvents (COSMO-RS) is arguably the simplest yet most powerful method for probing the energetic characteristics of molecular interaction between ionic liquid−solute/solvent fluids. Indeed, the molecular interaction of ionic liquids with various organic solvents has been successfully elucidated using COSMO-RS. 21−25 The advantages of COSMO-RS in comparison with other methods for the prediction of thermodynamic behavior of fluids, such as non-random two liquid (NRTL), UNIFAC, or UNIQUAC, is the fact that it does not require a large bank of experimental data. COSMO-RS is a unique method for predicting the thermodynamic behavior of compounds in the pure and mixed state on the basis of unimolecular quantum chemical calculations for the individual molecules. In addition, it has been shown to be very helpful as an a priori tool for finding suitable ionic liquid candidates for a certain task or specific applications before extensive experimental measurements. 26 Anantharaj and Banerjee applied COSMO-RS to screen potential ionic liquids for denitrification 26 and desulphurization of diesel oil. 27 Palomar and collaborators used COSMO-RS to predict the Henry's law constant and the excess enthalpy for the physical absorption of CO 2 28 and various volatile organic compounds 23 as well as the solubility of cellulose and lignin 29 in ionic liquids. Our group has been using COSMO-RS for the description of liquid−liquid equilibrium in mixtures of ionic liquids with water, 30 alcohol, 31 and hydrocarbons. 32, 33 A recent work 25 showed that COSMO-RS is able to correctly describe the experimental excess enthalpies and thus the molecular interactions of ionic liquids and water.
Taking into account the importance of the interaction of ionic liquid and water and the high reliability of COSMO-RS to predict the energetic interaction, this work was carried out to get a deeper understanding of the mechanisms that rule their interaction through complementary experimental and theoretical studies. This work is a continuation of our systematic investigations toward the understanding of the interaction of ionic liquids with water. 34−37 Under this scenario, a systematic measurement of the activity coefficients of water in various ionic liquids with the common cation 1-butyl-3-methylimidazolium, [C 4 mim] + , and a theoretical analysis of ionic liquid− water thermodynamic and energetic interactions using COSMO-RS model were carried out. The [C 4 mim] + cation was adopted because this cation is the most frequently studied in the literature, while the anions were chosen to cover a wide range of hydrophobicities and to get a broad picture of the structural impact on their interaction with water. Initially, the capability of COSMO-RS to predict the experimental activity coefficients of water in imidazolium-based ionic liquids is evaluated. Furthermore, the effect of temperature on the activity coefficient of water at infinite dilution in the ionic liquids was studied by inverse gas chromatography and predicted also with COSMO-RS. In the last part of this work, the consistent information compiled relative to the water activity coefficient studies using COSMO-RS encouraged its application for the estimation of energetic effects and the identification of the most important features in water−ionic liquid interactions. F-NMR (when appropriate) and were shown to be ≥99 wt %. The water content of each ionic liquid was determined by Karl Fischer titration (Mettler Toledo DL32 Karl Fischer coulometer using the Hydranal-Coulomat E from Riedel-de Haen as analyte) and found to be less than 30 × 10 −6 mass fraction. Double-distilled water, passed through a reverse osmosis system and further treated with a Milli-Q plus 185 water purification equipment, was used in all experiments. Figure 1 depicts the chemical structures of the studied compounds.
2.2. Measurement of Water Activities and Water Activity Coefficients. The measurements of water activities (a w ) were performed using a Novasina hygrometer LabMastera w (Switzerland). The measuring principle of the instrument is based on resistive-electrolytic method. The accuracy of the instrument is 0.001 a w , enabling measurements under controlled chamber temperature conditions (±0.15 K), and was previously calibrated with six saturated pure salt standard solutions (water activities ranging from 0.113 to 0.973), which were included in the instrument. However, to achieve the given accuracy, prepared in the entire solubility range of the ILs, with a water mole fraction uncertainty of ±0.0001, were charged in the measuring dishes and placed in the airtight equilibrium chamber. The exchange of free water takes place until the partial pressure of water vapor reaches the equilibrium, which is confirmed following the a w variation with time. When a constant value is reached, the water activity is recorded. Diluted solutions reach equilibrium in less than 1 h, but solutions with high concentration of ionic liquids could take up to 8 h. The water activity coefficient (γ w ) is then calculated from the water activities as
where a w is the water activity, and x w is the mole fraction of water.
2.3. Measurement of Activity Coefficients at Infinite Dilution. The activity coefficient of water at infinite dilution in the ionic liquids was measured using the same method previously reported by us. 37 Inverse chromatography experiments were carried out using a Bruker (U.S.) 450-GC gas chromatograph equipped with a heated on-column injector and a thermal conductivity detector (TCD). The injector and detector temperatures were kept constant at 523 K during all experiments. To obtain adequate retention times, the helium flow rate was adjusted. Air was used to determine the column hold-up time. Exit gas flow rates were measured with a soap bubble flow meter. The temperature of the oven was determined with a Pt100 probe and controlled with an uncertainty of 0.1 K. A computer directly recorded the detector signals and the corresponding chromatograms were generated using the Galaxie Chromatography Software. Using a rotary evaporation preparatory technique, 1.0 m length columns were packed with a stationary phase, consisting of 0.20−0.35 mass fraction of IL on Chromosorb WHP (60−80 mesh) sorbent media. After the solvent (ethanol) evaporation, under vacuum, the support was left to equilibrate, at 333 K for 6 h. Prior to the measurements, each packed column was conditioned for 12 h at 363 K with a helium flow rate of 20 cm 3 min
. The packing level was calculated from the masses of the packed and empty columns and was checked throughout the experiments. The weight of the stationary phase was determined with a precision of ±0.0003 g. A headspace sample volume of (1−5) × 10 −3 cm 3 was injected to satisfy infinite dilution conditions. To confirm reproducibility, each experiment was repeated at least three times. Retention times were rigorously reproducible with an uncertainty of about 0.05−0.5 s. To verify the stability under these experimental conditions, ruling out elution of the stationary phase by the helium stream, measurements of retention time were repeated systematically each day for three solutes (octane, benzene, and ethanol). No changes in the retention times were observed during this study. The retention data garnered by inverse chromatography experiments were used to calculate partition coefficients of water in the different ILs. The standardized retention volume, V N , was calculated following the relationship 40 ,41
where the adjusted retention time, t R ′ , was taken as the difference between the retention time of water and that of air; T col is the column temperature, U 0 the flow rate of the carrier gas measured at room temperature (T rt ), p w 0 (T rt ) the vapor pressure of water at T rt , and p out the outlet pressure.
The factor J in eq 1 corrects for the influence of the pressure drop along the column and is given by the relation
where p in is the inlet pressure. Activity coefficients at infinite dilution of water in each IL, γ w ∞ , were calculated by 40, 41 
where n 2 is the number of moles of stationary phase component within the column, R the ideal gas constant, T the oven temperature, B ww the second virial coefficient of the solute in the vapor state at temperature T, B w3 the mutual virial coefficient between water and the carrier gas (helium, denoted by "3"), and p w 0 (T) the probe's vapor pressure at temperature T. The values of p w 0 result from correlated experimental data. The molar volume of the water at temperature T, V w 0 , was determined from experimental densities, and the partial molar volumes of the water at infinite dilution, V w ∞ , were assumed to be equal to V w 0 . The data required for the calculation of these parameters were taken from previous works. 42 The uncertainties in activity coefficient at infinite dilution γ w ∞ were estimated to be less than 3% based on error propagation analyses, which took into consideration uncertainties in the following experimental quantities and their standard deviations given in parentheses after the quantity: inlet and outlet pressures (0.2 kPa); adjusted retention time of the solute, t R ′ (0.01 min); mass of the stationary phase (2%); flow rate of the helium carrier gas (0.1 cm 3 min −1 ); and oven temperature (0.2 K).
COSMO-RS.
COSMO-RS is a novel and fast methodology for predicting thermochemical properties of fluids in their pure and mixture state based on unimolecular quantum chemical calculations. The detail theory of COSMO-RS can be found in the original work of Klamt. 43 Only the major features for understanding the analysis and discussion in the present work are highlighted here. The first step in the COSMO-RS prediction procedure is applying the continuum solvation model COSMO to simulate a virtual conductor environment for the molecule of interest. This is then followed by a screening charge density σ i , on the nearby conductor, obtained through the standard quantum chemical calculation. The 3D distribution of the screening charge density on the surface of each molecule is converted into a surface composition function, called the sigma profile (σ-profile), p(σ). In the second step, the statistical thermodynamics treatment of the molecular interactions is performed in the COSMOtherm software using the parameter Leverkusen, Germany). 44 The interaction energies of the surface pairs are defined in terms of the screening charge densities σ and σ′ of the respective surface segments. Subsequently, the chemical potential (μ s ) of a surface segment (σ), the so-called sigma potential (σ-potential), is calculated using the following equation:
where a eff represents the effective contact area and p s (σ) stands for the surface screening charge distribution of the whole system. The chemical potential of a compound is available from the integration of the σ-potential over the surface of the molecule. The capability of COSMO-RS to calculate the chemical potential of an arbitrary solute x in any pure or mixed solvent S at variable temperature enables the prediction of thermodynamic properties such as activity coefficient of water in the ionic liquids. For the study involving ionic liquids, the complete dissociation into cation and anion was assumed. The charge distribution of screening charge densities, displayed as σ-profile of the ionic liquid, is simply determined as the sum of the σ-profile of the cation and anion
where p cation (σ) and p anion (σ) are the sigma profiles for the cation and anion, respectively. This was equivalent to calculating the sigma profile of a mixture consisting of the cation and anion. The COSMO files of the molecules considered in this work were taken from the database of COSMOtherm software (COSMOlogic GmbH & Co KG, Leverkusen, Germany), in which the molecular geometry of water and each ion were optimized by utilizing BP functional B88-P86 with a triple-ζ valence polarized basis set (TZVP) and the resolution of identity standard (RI) approximation. 44 The details of the calculation and procedure of estimating activity coefficient using COSMO-RS can be found elsewhere, 45, 46 and the procedure of estimating excess enthalpy can be found in our recent work. 25 The excess enthalpies of interaction between water and ionic liquids are calculated using the following equation: 
Therefore, COSMO-RS allows the determination of the energetic contribution of three specific interactions of each species in the mixture to the total excess enthalpy.
3. RESULTS AND DISCUSSIONS 3.1. Water Activity and Activity Coefficient in Ionic Liquids. Table 1 presents the water activities measured at 298.2 K, the experimental and predicted activity coefficient of water in each ionic liquid using COSMO-RS, and the deviations obtained by eq S1 of Supporting Information. These results indicate that water has weak interactions with [C 4 mim]-[CF 3 SO 3 ] and [C 4 mim][SCN] because these ILs present water activity coefficients larger than unity (positive deviation to the ideality) in a wide range of concentrations, indicating that the water−IL interactions are unfavorable. The other ionic liquids all present negative deviations to the ideality, with the following sequence of increasing interactions with water: This trend is in close agreement with the infinite dilution activity coefficients of water on these ionic liquids reported in Table S1 in Supporting Information. Figures 2−4 , where the symbol and line represent experimental and predicted values, respectively, allow the discussion of the impact of structural variation of ionic liquids on the activity coefficient of water. The activity coefficient of water in the two halides containing ionic liquids both present negative deviations to ideality with a monotonic behavior of increasing nonideality with the IL concentration, as depicted in The Journal of Physical Chemistry B 3.2. Infinite Dilution Activity Coefficient of Water in Ionic Liquids. The experimental activity coefficients of water at infinite dilution γ w ∞ in ionic liquids and the predictions using COSMO-RS are given in Table S1 in Supporting Information. Unlike the activity coefficients derived from water activities that covered a wide concentration range but were measured at a single temperature, the γ w ∞ values are available in the temperature range of 328−393 K. Two types of temperature dependency are observed for γ ∞ . As shown in Figure 6 , most systems present γ ∞ values that increase with temperature, indicating that the interaction between water and the ionic liquid becomes less favorable. However, for the ionic liquid [C 4 mim][CF 3 SO 3 ], the increment of temperature resulted in a decrease of γ w ∞ , i.e., in a more favorable interaction of water The information given in Table S1 in Supporting Information shows the big difficulty of COSMO-RS in predicting quantitatively the water activity coefficient at infinite dilution. In all systems, those values are overestimated, with particularly high deviations for those containing [C 4 
mim]Br or [C 4 mim]-[DMP]
. That is not surprising because it was already observed (see Table 1 ) that for water mole factions lower than about 0.60, the deviations of the predicted activity coefficients generally show a big increase. In spite of that, two features must be emphasized: (i) the model correctly predicts the variation of the water activity coefficient at infinite dilution with the temperature and (ii) the relative magnitude of those coefficients, between all the systems, is in very good agreement when ranking ILs by the experimental and predicted values.
From the temperature dependence of the water activity coefficient at infinite dilution, the partial molar excess enthalpies of water at infinite dilution H̅ w E,∞ were calculated according to
The calculated H̅ w E,∞ are given in 52 This endothermicity becomes more favorable with increasing temperature, as more energy is supplied at higher temperature.
Despite the greater difficulty of COSMO-RS in predicting the activity coefficient of water in the less hydrophilic ionic liquids such as [C 4 mim][CF 3 SO 3 ] and [C 4 mim][SCN], this work shows that COSMO-RS give reliable predictions of the activity coefficient of water in the other studied ionic liquids. It is also able to predict the impact of structural variation of the anion into the water activity coefficient. Therefore, COSMO-RS will now be used as a tool to further characterize the interactions between the water and the ionic liquids.
COSMO-RS Description for Pure
Compound. An advantage of COSMO-RS when compared to other thermodynamic g E models is that it provides information regarding the molecular interactions that can be visualized in the so-called σ-profile and σ-potential. As an example, Figure 7 ). The importance of this cutoff value indicates that any molecule with σ-profile lying at the left side of −1.0 e nm −2 will have H-bond donor ability while those at the right side of 1.0 e nm −2 will have acceptor ability. Profiles lying at the negative region are due to inherent positive charge of the atom or molecule and vice versa for the positive region of profile. The σ-profile of water (Figure 7a ) is very broad, covering negative, positive, and neutral area (from −2.0 to 2.1 e nm −2 ). On the negative side, the peak at −1.6 e nm −2 is assigned to the two polar hydrogen atoms, whereas the broad peak on the positive side at 1.8 e nm −2 results from the two pairs of electrons of the oxygen atom. Apart from small fluctuations, the σ-profile of water is almost symmetric and is of high importance for the properties of water because the symmetry . 48 The symbol and colored line represents experimental and COSMO-RS prediction using independent counter ion model, respectively. implies a balance between the positive and negative charges on the surface of this compound. Regarding the σ-potential of water, the symmetry is even more evident, indicating that water can act equally as both H-bond donor and acceptor. Because the oxygen atom of one water molecule has two lone pairs of electron, each of which can form a hydrogen bond with a hydrogen atom of another water molecule, they can create a strong threedimensional hydrogen bond network. 53, 54 This hydrogen-bond network is the dominant energy that governs the stability of water (H HB of water is −27.70 kJ ·mol −1 , Table 3 ). Unlike water, the sigma profile of ionic liquids is highly asymmetric (Figures 7 and 8 and Figures S1 and S2 in Supporting Information). The [C 4 mim] + cation occupies the negative and almost entire nonpolar area, while the anion is positioned far away in the positive area. The cation presents a shoulder-like peak at −0.9 e nm −2 , attributed to the acidic hydrogen atom in the imidazolium ring that could act as a very weak H-bond donor. The capability of this acidic hydrogen to form hydrogen bonding with the ionic liquid anions counterpart has been proven experimentally using 1 H NMR, 8, 9, 55 infrared spectra, 56 Raman and ab initio calculation. 57 Thus, the acidic hydrogen in the imidazolium ring plays an important role as H-bond donor with the anion counterpart.
Regarding the σ-profile of the anion, a peak with high intensity at 1.9 e nm −2 is related to the four pairs of electrons of Cl + cation can provide only one (acidic) hydrogen atom (of the imidazolium ring), additional donors are highly desired, as can be seen from the σ-potential of [C 4 mim]Cl. In the σ-potential, the asymmetry is even more obvious, indicating uneven charge distribution within ionic liquid molecules. On the negative side, [C 4 mim]Cl shows attraction to H-bond donor resulting from the lone pairs of electrons in the Cl − anion. But on the positive side, because of the lack of an H-bond donor among ionic liquid molecules, they present repulsion toward another H-bond acceptor functionality because this would compete with the existing acceptor for the rare H-bond donor. COSMO-RS translates this into the electrostatic-misfit interaction energy, H MF , which is highly important to the total energy of ionic liquids (Table 3 ). All the studied ionic liquids present high and positive H MF due to a lack of H-bond donors, displaying high attraction toward H-bond donors. Consequently, another solute or solvent with H-bond donors (like water) will favorably interact with these ionic liquids. A closer look at Table 3 reveals that the dominant interactions that exist in the pure ionic liquid are the van der Walls forces. The hydrogen bond contribution is also found to be negative, indicating the existence of hydrogen bonding between ionic liquid cation and anion. The endothermic contribution of electrostatic-misfit interaction, as previously discussed, arises from the unbalanced number of hydrogen bond donors and acceptors among ionic liquid molecules. . This is due to the fact that both Cl − and Br − have four pairs of lone electrons, but the latter has a larger size, presenting a lower negative charge density surrounding the anion. This explains the fact that [C 4 mim] + presents a hydrogen bond with Br − that is weaker than that with Cl − and a lower electrostatic-misfit interaction energy (Table 3) . Consequently, it is also expected that [C 4 mim]Br will have an interaction with water that is lower than that of [C 4 mim]Cl.
The σ-profile of [C 4 mim][Ac] has a wider area in the positive region (Figure 8 ), up to a maximum 3.0 e nm −2 . A broader peak at 2.1 e nm −2 assigned to [Ac] − and located on the right side of Cl − indicates that the former anion has a higher negative charge density due to the presence of five pairs of lone electrons. Consequently, the [C 4 It is also interesting to compare the effect of fluorination and aromatization of the anion; it seems that the former has more impact on the charge density of the sulfonate-core head. This might be related to the strong electron-drawing ability of the fluorine atom. 58 This discussion of σ-profiles and σ-potentials suggests that the COSMO-RS supplies a vivid and rich depiction of the ionic liquids and water as well as their behavior in a pure state, allowing us to anticipate the likely interactions that will occur in the presence of other solutes or solvents. As can be observed from Figures 7 and 8 , Figures S1 and S2 in Supporting Information, and Table 3 that because the cation can donate only one H-bond, whereas the anion counterpart can accept more than one H-bond, highly electrostatic misfit of the ionic liquids is observed. This leads to high attraction of the ionic liquid toward the H-bond donor, such as water. The following section discusses the interaction of water with the ionic liquids based on the estimated excess enthalpy using COSMO-RS.
3.4. Binary Mixtures of H 2 O and Ionic Liquids. In a previous work we established the reliability of COSMO-RS to predict the excess enthalpies of binary mixtures composed of ionic liquids and water. 25 Unfortunately, there are no experimental excess enthalpy data for the systems studied here, but the capability of the model to describe the activity coefficient data shown in the previous sections, the highly consistent conclusions found in our previous work following a similar approach, and the capability to describe the excess enthalpies 22, 25 give us confidence in using COSMO-RS to further characterize the interactions between the water and the ionic liquids. Figure 9 presents the estimated excess enthalpies of binary mixtures of ionic liquids and water. As previously mentioned, the unbalanced number of H-bond donors and acceptors of the ionic liquids is the reason for high attraction of these compounds toward H-bond donors, such as water. As a consequence, the presence of water reduces the electrostatic misfit between cation and anion and at the same time establishment of new hydrogen bonding between cation−water and anion−water. As can be seen from Table S2 in Supporting Information, the hydrogen bonding contribution of anion−water is the key factor in the interaction of most ionic liquids and water. Generally, the new established hydrogen bonding between anion−water could cover the hydrogen bond lost between water molecule, which translates to negative excess enthalpy. On the contrary, the small positive excess enthalpy of [C 4 − − water is energetically weak and could not impose the hydrogen bond lost by water during mixing. To regain the lost hydrogen bonding network, the water molecules tend to use the energy of the system to reorient themselves. 59, 60 This suggests that the solubility of water, within x H 2 O ≤ 0.5, in [C 4 mim][CF 3 SO 3 ] is an endothermic process and entropically driven. Such phenomena have also been observed for the solubility of [Tf 2 N]-based ionic liquids 52 and are in agreement with the observed dependency of the infinite dilution activity coefficients with temperature already discussed.
A closer look into Figure 9a (and Table S2 of Supporting Information) could reveal the mechanism taking place during dissolution of water in the ionic liquids. For example, in the system of binary mixtures of (H 2 O + [C 4 mim]Cl), as discussed in the σ-potential, pure ionic liquids have high attraction to the + cation and Cl − anion; both of these ions are attracted to H 2 O, as displayed from the negative contribution of H MF E of the cation and anion. At low concentration, some of the water molecule is hydrogen bonded, most probably to the ionic liquid anion counterpart. As the water content increases, more and more water molecules gather around anions until it reaches a limit at which the hydrogen bonding of the Cl − anions is "saturated". Subsequently, the addition of more water causes the turnover point; the water−water interactions dominate, causing the water−water interaction to be closer to that of the neat system. In Figure 9a , it can be seen that the turnover point is reached at x H 2 O ∼ 0.75, equal to one molecule of ionic liquid and three molecules of water. Despite the fact that the Cl − anion has four pairs of lone electrons, one is already taken by [C 4 mim] + cation, and it seems that Cl − anions form "a complex" with three molecules of water while maintaining the hydrogen bonding with the [C 4 mim] + cation. It should be highlighted that this finding has been reported by Niazi and co-worker 17 making use of molecular dynamics solution of [C 4 mim]Cl−H 2 O systems. They showed that there is an average of three molecules of water per one Cl − anion at 0.75 molar fraction of water. 17 Thus, there is good agreement between the molecular dynamics and COSMO-RS approaches.
It should be noted that that the number of water molecules forming a complex with the anion is strongly dependent on the nature of the anion itself, but as is shown by refs 2,7,17, and 18, these findings confirm that the hydrogen bonding of anion and water governs the water and ionic liquid interaction.
Analyzing the contribution of each specific interaction to the total excess enthalpy of ionic liquid and water, as depicted in Figure 10 , reveals that at x H 2 O = 0.66, the dominant interaction, as expected, is the hydrogen bonding that contributes 41.7− 85.5% of the total excess enthalpy. Even with the system of H 2 O + [C 4 mim][CF 3 SO 3 ], hydrogen bonding is still the dominant interaction. The trend of hydrogen bonding contribution to the total excess enthalpy, as previously discussed, is in close agreement with the hydrogen bonding basicity taken from the solvatochromic parameter. 61, 62 On the contrary, no trend of electrostatic misfit and van der Walls contribution is observed. The results suggest, in agreement with previous reports using other techniques, 7−13,15−20 that the dominant interaction in these systems is the hydrogen bonding of water and the ionic liquid anion ( . This pattern closely follows the trend observed in the activity 61, 62 Therefore, it can be concluded that the interaction of water and ionic liquids is controlled by the hydrogen bond basicity of the respective anion.
CONCLUSION
The knowledge of ionic liquid interaction with other solute or solvents is a key requirement for designing ionic liquids for specific purposes. We have performed extensive experimental and quantum chemical modeling for [C 4 , it is still able to correctly rank the anion as observed experimentally and also able to forecast the impact of fluorination and aromatization of the anion. The estimated excess enthalpy analysis of the binary system reveals that the interaction of ionic liquids and water was governed by the basicity of the anion. Furthermore, deeper analysis of the binary mixture of H 2 O and [C 4 mim]Cl reveals the formation of a complex between the anion and three molecules of water.
The effect of temperature on the activity coefficient of water at infinite dilution in the ionic liquids was also studied. In general, the activity coefficient of water at infinite dilution increases with increasing temperature. This is due to less exothermic process occurring at higher temperature. The only exception was observed for the activity coefficient of water at infinite dilution in [C 4 mim][CF 3 SO 3 ] , in which the value decreased with increasing temperature, showing the dissolution of water in this ionic liquid is endothermic and entropically driven. The results obtained indicate that the proper selection of anion of the ionic liquids presents a very interesting opportunity for expanding the capabilities of these solvents and the number of applications where binary mixture of ionic liquids and water might find use in the future. Figure  S2 ); experimental and predicted activity coefficient of water at infinite dilution in ionic liquids using COSMO-RS along with the deviation calculated using eq S1 (Table S1) ; and contribution of specific interaction of each molecule to the excess enthalpy of binary mixture of H 2 O and ionic liquids at 298.2 K estimated by COSMO-RS (Table S2 ). This material is available free of charge via the Internet at http://pubs.acs.org.
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